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HELICOPTER INDIVIDUAL-BLADE-CONTROL: PROMISING
TECHNOLOGY FOR THE FUTURE HELICOPTER

Professor Norman D. Ham
Massachusetts Institute of Technology

ABSTRACT

The history, principles, and applications of helicopter individual-blade-
control are described, with particular reference to MIT research in the area from

1977 to presenL.

The emphasis is on wind tunnel and flight testing of full-size rotors since
1986. IBC applications considered are flight stabilization, gust alleviation, lag
N tion and vibration alleviati

Future work on IBC will be briefly outlined.

1. INTRODOCTION

The concept of Individusl-Blade-Control (IBC) exbodies the cantrol of
broadband electrohydraulic actuators attached to each blade. using signals
from sensors mounted on the blades to supply appropriate control comwmnds
to the actuators. Mote that IBC involves not only cantrol of each blade
indepandently, but also a feedback loop for each blade in the rotating
frame. In this menner it becomes possible to reduce the severe effects of
atxoepheric turtulence. retresting blade stall, blade—vortex interaction,
blade-fuselsge interference, and blade and rotor instabilities, shile
providing improved performance and flying qualities [1-10}.

It is evident that the IBC system will be most effective if it is
conprised of several mib-systems. each controlling a specific mode. e.9..
the blade flapping mode, the first blade flatwise bending mode, and the
first blade lag mode (2). Each mb-systen oparates in its appcopeiate
frequency band.

Conaider the modal equation of motion
m vt +kx = P(t) + AP [$V]

shere the modal control force AF is

AF = - KymE - Kgok - Kpkx (2)
Then mbstituting (2) into (D)

(14Rp I + (2eRg)Ick + (RoRplkx = F(t)

For the case Kp =FKg =Ko=K

m ¢+ cx ¢ kx = [1/(2eK) ] FiE)

and the modal responge is attenuated by the factor 1/(1+K) while the modal
daping and natural frequency are unchanged.

For sodel damping augmentation, only the rate feedbeck &F = Kgck is
required.

The configuration considered in {1-7) employs an individml actustor
and miltiple feedbeck loops to cantrol each blade. These actimtors and
feedback loops rotate with the blades and, therefore, a corventional wash
plate is not required. Bowever, same applications of individuml-blade-

can be d by p the s in the nan-rotating system
and contralling the blades through a conventional swash plate as described
in Section 6 and in {8).

The following sections describe the design of a system controlling
blade flapping. bending, and lag dy and related ing of the
system on a wodel rotor in the wind tumnel. The control inputs considered
are blade pitch changes proportional to blade flapping and banding
scceleration, velocity, and displacemant. and lag welocity.

Also presented are preliminary flight test cesults from a Black Bawk
helicopter having two flatwise-oriented accelerometers mounted on one
blade. These cpen-loop results are to be used in the dasign of an active
control systan for rotor gust alleviation and attitude stabilimstion.

3. DETERDETTON OF BLADE MODAL RESPONSE

Prom Figures 1 and (S]1, the blade flatwise acceleration at station r
doe to response of the first two flatwise modes is

al) = (r@) F(t) + B3} ¢ A()FR) + c0de'(D)gLE)

Then, for acceleramsters mounted at ry, [y. fy. and ry

1 (r,~8) rlllz :lﬂ‘q.(:l)

2 (r,-c) r’n’

y - (zg-e) :,ﬂ’
et

alry)
q
wlry) 1,87 {xy) ]
'
n(x,) r,ﬂ L] (r,)
5
4 £ wlr) Ly r,)

In mtrix notation, A=R ° R
Then the flatwise modal responses are given by

R = n!-a

mcht&cumdf‘uewmywmm"
station, rotor rotation speed. and banding mode shape. i.e.. they are
of flight condition.

Similarly. the blade lag scceleration at station r due to response
[ of the first lag mode can be shown to be (6]

a - (r-.b)fog.a't

numummmﬂmumomm. Then for
accelsrometers monted at ry and ry

N

In matrix notation AN, = M ° Ry,

try-ey) 'L" i
e ot

The lag moda] responses are given by
LA
Since the elmments of N} and K™' are indepandent of flight
oondition, the solution for a desired modal response involves only the
smmtion of the peok of rise accel sigals and their
wzwm-&hmwnmmmn‘xm.m
called a golver.

3. IDENTTPICATION OF KIDM, RATE REEFONSE

Consider the block diagram shown in Figure 1. Por modal scceleration

% and modal disp = ined as sbove for ay mode, this
mmmmmtmmtmu—n.m
A
48 - tenu-b T
A
2t - 1egu-b @

vhere the hatted @ les arze ismted walues. and K, and K, are
constants. MWriting the estisstion erroc as

ORIGINAL PAGE IS
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e = x - ¢
and differentiating equation (J) with respect to time, there results

A
;d:.é - —ag . K 5
Substituting equation (4) into equation (5},
£
;;Q -lolreolli [(3)

Since ;fé-x =8, equation () beccmes

5‘!10‘50-0 [&4]
This expression repressnts the dyrami of the imation error. The
corresponding characteristic sqstion is

S erpen =0

The bandwidh and daping of the estimstion proocess are determined by the
choice of the constants %; and K.

Since the elamants of the filter shown in Pigure 2 are independent of
flight condition, the setimstion of sl rate response involves only the
ion of the prok of and the d sodal
by an analog or digital device, here called a BKillip fijter. mﬁ-t
an isproved estimate of the modal displacemsnt x is also cbtained due to
the double ion of modal 1 ijon ¥ wbodied in the filter.
Also, note that no knowlsdge of the rotor or its flight condition is

required in designing the filter.

PORM OF THE MODAL COMIOLLER

ud&mn-dtnﬂn!ntmdxccim.ﬂnmhlmmnuvokmm
to the blade pitch actimtor is proportional to model acceleration, rate,
and displacement:
Vs R - Mgk - R
shere K. Kp. and Kp are constants and therefore independent of flight
condition.

Por modal desping augmantation only.

vo-

MODAL COMTROL, BY BLADE- {IBC)

The salver. McKillip filter. and controller described in Sections 1-4
are ombined to form the IBC system for a given mode. The combined
functions of the solver and the McKillip filter aze hece called the
*cheerver”. Same applications are described below. including experimental
results cbtained at MIT fram a four-foot-dlameter wind tunnel modal rotor,
using IBC.

Reference [3] deecribes the spplication of IBC to halicopter gust
allevistion. The fesback blade pitch cantrol was proporticnal to blade
flapping accelsration and displacement, i.e..

n--x@i-‘

A block dlagram of the comtrol system is shown in Pigure 3. Wote that each
blade requires anly two flatwiss-orisnted blade-mxnted socelercmsters.

Piqure 4 shovs the effect of increasing the opan-loop gain K upn the
IC gust alleviation systes perforsance. MWte that the axperimantal
:Mmmm-mmrmummmumm
theoretical clossd-loop gain 1/(14K).

the Lock mmber of the modal blade was 3.0. For a full size rotor,
mm“mupuquwunm-nmwdxuu::m-man
flapping at excitation frec ing the d - Also,

The preceding sections have demonstrated that the use of blade-mounted
acceler as makes possible the control of the flapping, flatwise
bending, and lag modes of each blade individually. This | technique is
applicable to helicopter rotor gust alleviation, attitude stabilization, vibnuon
alleviation, and lag damping augmentation.

For rotors having three blades, any arbitrary pitch time history can be
applied to each blade individually using the conventional swash plate. Rotors
with more than three blades require individual for each blade for some
applications; for a rotor with four blades, other applications such as gust
alleviation, attitude stabilization, vibration alleviation, and 1P lag damping
augmentation can be achieved using a conventional swash plate, as shown in {8].
The swmnmnations of individual blade sensor signals reguired to obtain the swash
plate collective and cyclic pitch components provide a filtering action such that
only the desired harmonics 0P, 1P, 3P, 4P, and 5P remain after summation, i.e.,
no spedific h i ysis is required

Since all sensing is done in the blades, no transfer matrices from non-
rotating to rotating system are required; therefore no updating of these matri
is required, and no non-linearity problems result from the linearization required
to obtain the transfer matrices. Also, blade state measurements aliow Hghter
vehide control since rotor control can lead fuselage response: this lead shouid
provide more effective gust alleviation and permit higher control authority
without inducing rotor instabilities than would be possible without rotor state
feedback [11].

was to

The objective of the flight
estimated using the root and tip acceleration measurements with that predicted

pare flapping

by a simple rigid-blade model, and with that d by a root d

flapping transducer.

Time histories and frequency spectra of the two accelerometers for an 80
kt. level flight trim condition of the UH-60A helicopter, Figure 5, are shown in
Figures 6 and 7. Multiple harmonics of rotor speed (4.3 Hz) are evident in the
record, with 1P and 3P contributions being particularly strong. In order to
estimate flapping for purposes of controlling flight dynamics, only the lower
frequency responses at 0-1P are of interest. The analysis of {12} indicated
significant 1P tip accel resp due to bending contributions to the
local values of blade slope and blsde acceleration, which her d ine the
tip accelerometer response. Mwunotﬂ!cuefmdummw

The results suggested that blade 0-1P flapping estimation can be
accompluhed by using two inboard acceierometers to minimize the blade
ding contribution to the ) ignals. Alternatively, the blade
ﬂnppmg and bending response can be determined by using four spanwise
acc ters and the gy of Section 2 to solve for flapping and/or
bending response.

The knowledge obtained from this test led to the use of two blade-root-
mounted accelerometers in the Bell Mode! 412 wind tunnel tests described below.

headal,

8 BLADE LAG MOTION CONTROL FROM BELL MODEL 412 WIND
TUNNEL TESTS (131

Wind tunnel testing of the Model 412 rotor (Fig. B) produced
muurmmuolbhdzh;moﬁonlninuﬂdlplcefudlburbhdu using
blade-root In the IBC system, Figure 9, these
measurements are used to determine bisde in-plane acceleration, estimated
vdod!y,anddhpmnigmhfumm,mdmaedgmhmmmﬁmd
to generate inputs 10 the swash plate actuators; in the dosed-loop system these
inputs would provide helicopier blade in-plane damping augmentation.

!Mtinluumopm-loop,l.r_,hweputdhmcmwnot
connected to the swash plate However, id insight into the
dosed-loop performance of the IBC system was obtained from the open-loop
testing, as described below.

. Aod

with i d blade damping it possible to use higher feadbeck
mmm-mmtylml,-dunwthemm
pl:tmwﬂ.:h increasing Lock muber.

muwmmmmnumofmmmm
IBC system, Referance (3] showed the theoretical equivalence of blade
flappi oD due to {c turtulence and that due to other low-
frequancy disturbances. e.g.. helicopter pitch and roll sttituder therefore
mmmmmmumwhwwunmm.um in
18}, to provide helicopter attitude stabilization.

open-loop accelerometer signals were used s input o the IBC
mdﬁm9mmm.mmﬂﬁnqukmudwwm!hm

pared with the desi d closed-loop control displacements under the same
disturbed sest conditions.

The test disturbance was sinusoidal longitudinal (or lateral) displacement
of the cyclic controls. This technique has been used successfully in the past (14].
As shown in [10], the cdlosed-loop damping of blade lag motion is augmented by
feeding back the lag rate to blade pitch.



Lag excitation tests were run at advance ratios 0 and .10 using swash plate
exdtation frequendes w given by 0w = 0.9 0 to 1.10 w1 A typical lag response
time history and frequency spectrumn from the tests is shown in Figures 10 and
11. The swash plate excitation frequency w app in the as (Q}
1 w) where Q2 is the rotor fi y- Atlag e (- 0= 0p.

h- o

The analog data were then used to find the lag response characteristics of
the Model 412 rotor to swashplate oscillations at discrete frequencies. Data

records from 10 to 40 seconds were collected from the 8 accelerometers at each

The next step of the validation process was the reconstruction of a
feedback signal to cancel the pitch excitation. This was done using & simple
constant gain feedback, but through the full Iysbem of Figure 14, in which
individual flap position, rate and accelerati were g ted for each
blade, and then summed to provide swashpl d signals. These
swashplate commands were then reconstructed to give the pitch signal that
would be generated at the reference blade, and this is compared to the actual
pitch excitation in Figure 18. The similarity of the two curves shows that such 2
systemn would indeed act to reduce unwanted disturbances that would generate
ive flapping response. Effects of alternate feedback strategies, and their

fixed excitation frequency to elimi transi ination of the estimat
Comparison of the lag sensor and the neonstmtted lag signal from the observer

in Figure 12 shows surprisingly good agreement, verifying the measurement of
rotor states using blade-mounted accelerometers.

influence on other modes (such as lag response) are discussed below.

lfﬁ\eslmplefeedbacksd\emeofﬁgunllwﬂhlg-Kn-Krisund a
root locus for the resulting closed-loop dymmlcsanbeseenh\ﬁgum 19. This
plotshomhlmzobwverpo!amnot' riations in the

11athle” th

The final control system evaluation step concerned the i tigation of the
disturbance rejection capability of the control system design. This was achieved
through comparison of the rotor pitch excitation used in the open-loop testing
with the calculated rotor pitch to be fed back from the controller. Should these
two signals cancel, one may infer that any other disturbances that would cause
lag excitation could also be reduced through control of blade pitch through the
swashplate. Figure 13 compares the pitch excitation measured on one of the
blades with the pitch feedback signal from the controller. This feedback trace is
inverted and offset in order to more closely compare the two signals. The
controller output is the bi of the feedback swash plate inputs in the
rotating frame reference. The two curves can be seen to have similar shape, with
the feedback signa! slightly delayed due to the phase lag inherent in the filtering
process.

9. BLADE FLAPPING MOTION CONTROL FROM BELL MODEL 412
WIND TUNNEL TESTS [15]

Wind tunnel testing of the Model 412 rotor (Fig. 8) in 1990 produced

measurements of blade flapping motion in inertial space for all four blades, using

feedback gain K (as indicated by an exact pole-zero uncellllion), a direct
Wdﬂwmd&epﬁkﬁnmﬂmdﬂun&dﬂnﬁmml
in the reconstruction of the flapping state estimates. As a result, feedback laws
may be designed that assume full state feedback is present, without worry that
usehdusionolmobmvcmudeuﬂonlethepmdimdiuﬂduu(udhck
dedgndynm'dcpropeﬁo In addition, two complex dipoles are sh the

lower frequency, lightly d d pair rep the lag dynamics interaction
with the flapping response, mdthehighu’ y, higher damp ‘,pliure
the original flapping dynamics, along with & complex zero introduced th

the selection of the ratio of the three gain constants Kp, Kpand Ka. Vumﬂonsin
the relative levels of these three constants would move this zero around the
complex plane, such that increases in total loop gain would have the open-loop
flap dynamics asy ically approach these zeros. This behavior is very much
llkemimplidt-modd fol.lowlng design, where feedback is structured to make
the open-loop dynamics track a certain dynamic behavior.

A3 can be seen by the relatively small migration of the poles with feedback
gain, this system (as modeled here) will be robust to gain variations with flight

root-mounted accelerometers. In the IBC system, Figure 14, these
are used to determine blade flapping acceleration, estimated velocity, and

condition, and will |essen the influence of the lag dynamics on the flap motion as
a result of the pole-zero cancellation present for this mode. The disturbance

displacement signals for each blade, and these signals are combined to g b

P due to the dose proximity of the zeros near the flapping mode poles,

inputs to the swash plate actuators; in the closed-loop system these inputs would
provide helicopter attitude stabilization and gust alleviation (8].

Initial tests were open-loop, i.e., the output of the IBC system was not
connected to the swash plate actuators. However, considerable insight into the
closed-loop performance of the IBC system was obtained from the open-loop
testing, as described below.

Open-loop accelerometer signals recorded digitally were used as input to
the IBC system of Figure 14 jn _the laboratory. The resulting cyclic control
outputs are then compared with the desired closed-loop control displacements
under the same disturbed test conditions. In-plane test data were presented in
Section 8. The present section will present the flapping data in a similar manner.

The test disturbance was sinusoidal longitudinal (or lateral) displacement
of the cyclic controls. This technique has been used successfully in the past [14).
As shown in Section 1, the closed-loop response of the rotor tip-path-plane to any
disturbances is attenuated by the factor 1/(14K) where K = KA = Kg = Kp is the
gain of the IBC system. In the present open-loop case, the IBC system outputs
were examined t0 see if, in the closed-loop case, they would provide the expected
rotor response attenuation of 1/(1+K).

Flapping excitation tests were run at advance ratios 0, 0.1, and 0.2 using
swash plate excitation frequencies w = 0 to 0.25Q. Frequency spectra and a
typical flapping accelerometer time history from the tests are shown In Fig. 15.
The swash plate excitation frequency w appears in the rotating system as (Q4w)
where (2 is the rotor frequency.

The first task concerned the performance of the rotor flap mode state
estimator, as described in Sections 2 and 3. As the proposed IBC scheme involves
feedback of flapping position, rate and acceleration, adequate performance of
this portion of the controller would be indicated through comparison of similar

ts using other than accelerometers. Since the 412 rotor is of
hingeless design, flap position was recorded as scaled signals from a bending
strain gauge located at 4.8% of the rotor radius. Figure 16 shows the time history
from this strain gauge plotted above the flap displacement estimate from the
observer. Differences in the two time histories can be explained through
examination of the spectral content of the two signals, Figure 17, which differ
primarily at frequencies above 1/rev. Such variation may be caused by the
participation of higher out-of-plane modes in the gauge measurements, similar to
the effects seen in the tip accel of {12). Further
examination of these data show that the flap sensor is nearly identical to another
flap bending gauge located at 1.7% of rotor radius, which suggests that the
sensor at 4.8% radius picks up all of the hub moment due to out-of-plane motion,
and not just that from flapping (the first mode) alone. Based upon these
arguments, the flap displacement estimator was deemed sufficiently accurate to
warrant further investigation in a control system context.

will have quite similar dynamics to the open-loop behavior, but at a significantly
lower amplitude. This result is further confirmed by examining the flapping
response of this system to a step aerodynamic disturbance at a moderate
feedback gain level, shown in Figure 20. It can be seen the response diminishes
the oscillatory behavior from the lag coupling, while reducing the net excursion
level by 1/(1+K).

10 HELICOPTER VIBRATION ALLEVIATION 5,81

In the IBC bending control system, Figure 21, measurements of blade
flatwise motion in inertial space, using four blade-mounted accelerometers, are
used to determine blade bending acceleration, estimated velocity, and
displacement signals for each blade, (see Section 2), and these signals are
combined to generate inputs to the swash plate actuators; in the closed-loop
system these inputs would provide blade bending with
resulting vibration alleviation. Since the first blade flatwise bending mode is a
major contributor to rotor vibration, alteration of the dynamics of this mode can
substantially reduce helicopter vibration, as shown in Figure 22, taken from [16].

heli t
P

Further discussion of measurement of blade flatwise motion is contained
in [17). The reference presents comparisons of blade first mode bending
displ timated by blade-mounted accelerometers and blade-
mounted strain gauges, as shown in Figure 23.




1L SUMMARY AND CONCLUDING REMARKS

During the period 1977 - 1985 extensive theoretical and experimental
research was conducted at MIT on helicopter Individual-Blade-Control (IBC).
The experimental portion of this research consisted of wind tunnel testing of
small models. The next phase of the research was conducted under a cooperative
agreement with Ames Research Center, NASA, and involved full-size flight and
wind tunnel testing of a Sikorsky Black Hawk and a Bell Model 412 respectively.
These open-loop tests occurred in 1987 and 1990. Unfortunately, due to external
constraints, both tests were small adjuncts to much larger unrelated tests. To this
date no closed-loop tests have been conducted. H s iderable new
knowledge of IBC system components was acquired.

The unique characteristics of IBC can be summarized as follows:

1. Individual control of the lift on each blade, or a portion thereof, by
such means as conventional blade pitch, partial-span flap or flaps, local or
distributed circulation control, or "smart structures”.

2 An inner f i loop d each blade in the rotating
gystem. Specialized complete-vehicle functions can be achieved by outer loops,
which can operate at high gain since blade stability is ensured by the inner loop.

3. Item (2) can only be achieved by the use of individual sensors on each
blade, such as accelerometers.

Accelerometers offer many ad ges as in the ‘ tem
Their use is well-established in the suppressi ofhxgh—ﬁ'equs\cyﬂuttermd
vibration in fixed wing aircraft. The acoslerometer signal can be integrated once
and twice to obtain high-fidelity rate and displacement estimates.

4. Control in the time-domain: this approach eliminates the need for
harmonic analysis or filtering found in HHC systems, with their corresponding
lags and inability to follow rapid transients such as those found in helicopter
maneuvering flight. Also, control of the stability of various blade modes
becomes possible.

The future of IBC can be summarized as follows:

1. Helicopter blades will utilize blade-mounted sensors, probably
accelerometers, as Individual-Blade-Sensors (IBS). This will be true for both
swash-plate controlled and Individual-Blade-Control rotors.

2 Initial IBC rotors will probably embody extensible pitch links
1 | to the conv al swash plate.

3. Later IBC rotors will utilize local blade lift changes resulting from
partial span flaps, circulation control, or deformable structures.

4. 1t is possible that the many advantages of IBC will lead to a return to
three-bladed rotors having IBS and a conventional swash plate for small and
medium helicopters, and coaxal three-bladed rotors, each with its own swash
plate, for large helicopters.

dback
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Figure 9. Schematic of Blade Lag Control System

Using the Conventional Swash Plate:
Four-Bladed Rotor.
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Figure 14. Schematic of Flapping Control Systes Using the

Swash Plate: Four-Bladed Rotor
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Figure 16. Comparison of Flap Gauge Signal with Flap Estimate, Hover.

Measured and Control Foedback Pisch Angies

3
28 /mnnd
2}
L5}
g 1
0.
oF
0.3t \feedbn:k signal (lnvened & offser)
t 10 20 30 40 30 0 70 %0
Asirzuth (Rad)

Figure 18. Measured and Control System Feedback (Inverted) Pitch Angles.
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